We present an analysis of the newly resolved components of two hot, doubledegenerate systems, SDSS J074853.07+302543.5 + J074852.95+302543.4 and SDSS J150813.24+394504.9 + J150813.31+394505.6 (CBS 229). We confirm that each system has widely separated components (a > 100 au) consisting of a H-rich, non-magnetic white dwarf and a H-rich, high-field magnetic white dwarf (HFMWD). The masses of the nonmagnetic degenerates are found to be larger than typical of field white dwarfs. We use these components to estimate the total ages of the binaries and demonstrate that both magnetic white dwarfs are the progeny of stars with M init > 2 M . We briefly discuss the traits of all known hot, wide, magnetic + non-magnetic double degenerates in the context of HFMWD formation theories. These are broadly consistent (chance probability, P ≈ 0.065) with HFMWDs forming primarily from early-type stars and, in the most succinct interpretation, link their magnetism to the fields of their progenitors. Our results do not, however, rule out that HFMWDs can form through close binary interactions and studies of more young, wide double degenerates are required to reach firm conclusions on these formation pathways.
I N T RO D U C T I O N
High-field magnetic white dwarfs (HFMWD) are a 5-15 per cent subset of the degenerate population, harbouring magnetic field strengths of B 1 MG (Liebert, Bergeron & Holberg 2003) . There are two principal models to explain their formation. In the first, known as the 'fossil-field' hypothesis, HFMWDs descend from the Ap and Bp stars, a magnetic, chemically peculiar subset of objects with spectral types from late B to early F (Angel, Borra & Landstreet 1981) . This seems a natural explanation for their origins and masses being typically larger than general field white dwarfs. In this theory, hot, recently formed HFMWDs and any companion stars are expected to exhibit traits of a young stellar population, e.g. low space velocity dispersion. However, the fraction of late B to early F stars classified as Ap and Bp may be too low by a factor of 2-3 to be consistent with estimates of the percentage of HFMWDs in the general white dwarf population (e.g. Kawka et al. 2003) . For a sufficient progenitor population, about 40 per cent of stars with E-mail: paul.dobbie@utas.edu.au M init > 4.5 M need to evolve to HFMWDs (e.g. .
In the second hypothesis, the HFMWD magnetism is generated by differential rotation within gas which can envelope primordial close binaries, either when their primary stars expand to giant scale and overfill their Roche lobes (Tout et al. 2008; Nordhaus et al. 2011) or during the merging of their degenerate remnants (García-Berro et al. 2012 ). This might account for the lack of close, detached HFMWD + late-type star systems seen in the Sloan Digital Sky Survey (SDSS; e.g. Liebert et al. 2005 ) and the presence of HFMWDs in interacting cataclysmic variables. Additionally, the reported cooling time discrepancies of several HFMWDs when tested against evolutionary models for single stars (e.g. RE J0317−835 and the isolated EG59; Barstow et al. 1995; Ferrario et al. 1997; Burleigh, Jordan & Schweizer 1999; Casewell et al. 2009; Külebi et al. 2010) might be explained if they have formed through binary mergers. If this is the primary production route for HFMWDs, then hot, recently formed examples and any companion stars should display more heterogeneous characteristics, e.g. a broad range of total ages.
In recent work (Baxter 2011; Dobbie et al. 2012 ) we highlighted two candidate, young, wide, optically resolved, magnetic + non-magnetic double-degenerate (DD) systems, SDSS J074852.95+302543.4 + J074853.07+302543.5 and SDSS J150813.24+394504.9 + J150813.31+394505.6 (CBS 229; Gianninas, Bergeron & Ruiz 2009) , that may be suitable for probing the origins of HFMWDs. We present new images and optical spectroscopy of the non-magnetic white dwarf components of these binaries. We assess their masses and cooling times within current understanding of the form of the stellar initial mass-final mass relation (IFMR) to infer progenitor masses. We constrain their host system ages, suggest origins of their magnetic companions and discuss the results in the context of HFMWD formation models.
N E W AC A M O B S E RVAT I O N S
Blended SDSS spectroscopy of SDSS J074852.95+302543.4 + J074853.07+302543.5 and CBS 229 displays Zeeman split Balmer lines, consistent with those observed for H-rich HFMWDs (e.g. Gianninas et al. 2009 ). To explore further, we obtained higher resolution, i-band imaging for each system with the William Herschel Telescope (WHT) and the Auxiliary port Camera (ACAM). ACAM is a multipurpose imager/spectrograph permanently mounted at a folded Cassegrain focus. The detector is a 2k × 4k deep-depletion EEV CCD with a plate scale of 0.25 arcsec pixel −1 and a circular field 8 arcmin across. We obtained 30-and 15-s images centred on SDSS J074852.95+302543.4 + J074853.07+302543.5 and CBS 229 during good seeing (0.5-0.6 arcsec) on 2011 September 3 and 4, respectively. These data were reduced with the Cambridge Astronomical Survey Unit CCD reduction toolkit (Irwin & Lewis 2001) . Frames were then astrometrically calibrated, followed by aperture photometry using apertures with a radius of 1.5 times the full width at half-maximum (FWHM) of the mean point spread function (PSF) (FWHM ≈ 2 pixels). Detected sources were morphologically classified and instrumental magnitudes calibrated by matching with SDSS Data Release 7 (DR7) point source photometry.
The components of both systems are clearly resolved in our new images (Fig. 1) . We have measured their angular separations to be 1.39 and 1.05 arcsec. Following the prescription of Struve (1852), as described previously (e.g. Dobbie et al. 2012) , we have estimated the expected number of blue optical pairings in DR7 with separations of ρ ≤ 1.4 arcsec to be only n(ρ ≤ 1.4 arcsec) ≈ 0.0267. Thus, the likelihood of these objects not being physically associated appears to be rather small. Our ACAM i-band magnitudes for these sources are shown in Table 1 . Next, we used ACAM in spectroscopic mode on 2012 September 4-5 to observe the non-magnetic components of each system. These data were acquired with the V400 volume phase holographic grating and a 0.75-arcsec slit covering λ ≈ 3500-9400 Å at a resolution of λ/ λ ≈ 675. A series of 900-s integrations were taken during good seeing (FWHM 0.6 arcsec) and with the slit aligned to the parallactic angle. To minimize contaminating light in the spectrograph we positioned the non-magnetic white dwarf on the side of the slit closest to its companion star (see Fig. 1 ). Total exposure times of 2700 s for SDSS J074852.95+302543.4 and 3600 s for SDSS J150813.31+394505.6 were obtained. The CCD spectral frames were debiased and flat-fielded with IRAF CCDPROC. Cosmic rays were removed using LACOS SPEC (van Dokkum 2001) . IRAF APEXTRACT was then used to extract the white dwarf spectra from the reduced frames. Examination of spatial profiles at several locations in the dispersion direction (e.g. blue/red continuum and line centres) reveals only a small contribution to extracted flux from the magnetic components. From the profile shapes we estimate that when only the side of each spectrum furthest (spatially) from the companion star is included in the extraction, contamination is at a relative level of only 2-3 per cent. Wavelength calibration is via CuAr+CuNe arc spectra taken after the observations with any remaining instrument signature removed with observation of the bright, DC white dwarf EG 131.
W H I T E DWA R F A N D B I NA RY PA R A M E T E R S

The non-magnetic white dwarfs
A broad H-Balmer line series in each spectrum confirms both sources as DA white dwarfs. We have measured their effective temperatures and surface gravities by comparing the observed lines, H-8 to Hβ, to a grid of synthetic profiles based on recent versions of the plane-parallel, hydrostatic, local thermodynamic equilibrium atmosphere and spectral synthesis codes ATM and SYN (e.g. Koester 2010 ). The models include an updated physical treatment of Stark broadening of H I lines (Tremblay & Bergeron 2009 ). The fitting process used the spectral analysis package XSPEC (Shafer 1991) , as described in our previous work (e.g. Dobbie et al. 2009 ). The results are shown in Fig. 2 and listed in Table 2 .
Our new spectroscopic parameters for SDSS J074852.95+ 302543.4 are in agreement with the SDSS DR7 photometry (Table 1 ). The comparable colours of the magnetic companion, SDSS J074853.07+302543.5, suggest it has a similar effective temperature. In contrast, there is some inconsistency between the SDSS DR7 photometry for the non-magnetic component of CBS 229 (SDSS J150813.31+394505.6) and our spectroscopically derived parameters.
1 We suspect the SDSS photometry for this pairing's components has been adversely affected, particularly at the shortest wavelengths, by their small angular separation. New u-, g-and r-band ACAM imaging observations of CBS 229, obtained with good seeing (FWHM ≈ 0.7 arcsec) on 2012 May 21 in service mode, support this conclusion. Our revised (ACAM) colours for SDSS J150813.31+394505.6 (Table 1) are consistent with our spectroscopic parameter estimates, suggesting that the magnetic companion is slightly hotter.
We have explored the likely impact of residual contamination of our data sets by flux from the magnetic companion stars. For each Table 1 . Summary of the gross properties of the spectral energy distributions (SEDs) of the two, young, wide, DD systems as determined from the SDSS DR7 and ACAM observations. A systematic calibration uncertainty is quoted in brackets after each measurement obtained from ACAM. system, a mock contaminated data set was constructed by taking a synthetic spectrum with similar parameters to those determined for the non-magnetic white dwarf. We also added a 2.5 per cent contribution from a heavily smoothed, high-gravity [log 10 (cm s −2 ) = 9.5] model of the same effective temperature, taken to simulate the flux from the magnetic white dwarf. We then reran our line fitting procedure on these blended data sets. The optimum values of effective temperature and surface gravity increased by about 300 K and 0.05 dex, respectively, though these changes are relatively minor and less than the result's statistical uncertainties. We conclude that the small amount of stray light from the companion stars should not have a substantial impact on our conclusions.
The masses and cooling times of these non-magnetic objects were estimated by comparing their effective temperatures and surface gravities to grids of CO core, thick H-layer, white dwarf evolutionary models (Table 2 ; Fontaine, Brassard & Bergeron 2001) . The masses are substantially greater than the marked peak in the field white dwarf mass distribution (M ≈ 0.6 M ; Bergeron, Saffer & Liebert 1992) . Next, grids of synthetic photometry 2 were used to derive the absolute i magnitudes of SDSS J074852.95+302543.4 2 http://www.astro.umontreal.ca/ bergeron/CoolingModels and SDSS J150813.31+394505.6. These are based on the work of Bergeron, Wesemael & Beauchamp (1995) but revised to include updates from Holberg & Bergeron (2006) , Kowalski & Saumon (2006) and Tremblay, Bergeron & Gianninas (2011) . Finally, we estimated distance moduli for the two binaries, neglecting foreground extinction as dust maps suggest that A i < 0.1 mag along these Galactic lines of sight (Schlegel, Finkbeiner & Davis 1998) .
The measured angular component separations and the distance moduli in Table 2 were used to determine the minimum physical separation of SDSS J074852.95+302543.4 + J074853.07+302543.5 to be a ≈ 286 au (61 500 R ) and that of CBS 229 to be a ≈ 180 au (38 700 R ). This confirms two widely separated pairings, where all four stars have always remained comfortably within their Roche lobes (Iben & Livio 1993) . It is reasonable to assume they have all evolved as if they are single objects. In the light of this, we applied recent determinations of the IFMR and grids of solar metallicity stellar models (Girardi et al. 2000) to infer the masses and stellar lifetimes of the non-magnetics' progenitors. We then combined the lifetimes with the white dwarf cooling times to obtain estimates of the total ages of the two systems (Table 3) . Folding in our uncertainties, we determine 1σ (3σ ) upper limits of 370 (550) Myr for SDSS J074852.95+302543.4 + J074853.07+302543.5 and 590 (850) Myr for CBS 229. Hence, the white dwarfs in these systems are very likely to be descendants of stars with M init ≥ 3.3 (2.9) M and M init ≥ 2.8 (2.4) M , respectively.
Preliminary spectral analysis of the HFMWDs
We were unable to secure good-quality ACAM spectroscopy of the magnetic white dwarfs during our WHT observations. However, with the available effective temperatures and surface gravities of the non-magnetic components, we constructed estimates of their optical energy distributions by deconvolving the blended SDSS spectroscopy for both pairings. In each instance, the celestial coordinates of the 3-arcsec-diameter SDSS fibre position suggest it was centred on the magnetic component. To calculate their relative contributions we modelled the PSF of these stars as a normalized Gaussian with an FWHM that matches the seeing50 keyword in the SDSS spectral file headers. We summed the total flux within a 3 arcsec diameter, first centred on the model PSFs and then offset by distances equivalent to the binary angular separations. We then scaled these by the appropriate ACAM i magnitude to find that the non-magnetic white dwarfs, SDSS J074852.95+302543.4 and SDSS J150813.31+394505.6, contribute about 33 and 40 per cent of the total flux 3 in these data sets at i. Finally, we subtracted a suitably scaled synthetic, pure-H spectrum of appropriate effective temperature and surface gravity from each SDSS data set. Table 2 . Effective temperatures, surface gravities, predicted absolute i magnitudes, distance moduli, masses and cooling times for the non-magnetic (DA) components of the two wide binary systems. Table 3 . Progenitor masses and binary age estimates for the non-magnetic (DA) white dwarfs SDSS J074852.95+302543.4 and SDSS J150813.31+394505.6. These are based on three recent estimates of the form of the IFMR, carried out by Dobbie et al. (2006) , Kalirai et al. (2008) and Williams, Bolte & Koester (2009) , and stellar lifetimes from the solar metallicity evolutionary models of Girardi et al. (2000) . The resulting deconvolved spectra resemble those of H-rich HFMWDs (e.g. SDSS J130033.48+590407.0; Girven et al. 2010 ), so we compared these data sets to grids of synthetic spectra of H-rich, high-gravity, magnetic atmospheres (see Fig. 3 ). Assuming the field of each white dwarf is of a simple offset dipole configuration, we followed the methods of our previous work (Jordan 1992; Euchner et al. 2002; Külebi et al. 2009 ) to obtain the parameters shown in Table 4 . We also estimated their masses and cooling times (Table 4) , as in Dobbie et al. (2012) . The similarities between these latter parameters for the two components of each system are compatible, to within the errors, with the progenitors of all four degenerates having had roughly the same initial masses, M init ≈ 4 M (spectral types B6-8V), and having evolved as typical single stars.
D I S C U S S I O N
We confirm two more magnetic + non-magnetic DDs within SDSS DR7 to be wide systems (a > 100 au), increasing the total number of these rare pairs to six. Parameters of all systems, as inferred from their non-magnetic components, are consistent with the magnetic white dwarfs having early-type progenitors. In the five hottest systems (i.e. T eff 9000-10 000 K), including the two here, the magnetic components are linked to M init 2 M , a domain which accommodates the late B spectral types that display the highest incidence of magnetism on the main sequence . To mitigate against possible biases in this sample (e.g. the identification of white dwarf pairs descended from higher mass binary stars may be favoured by a dependence on mass of orbital separation amplification through post-main-sequence evolution), we compared these results to those from a spectroscopic component analysis of 11 hot, spatially resolved, DD physical pairs where neither object appears to have a substantial magnetic field (Baxter 2011 ). The component masses in these span M ≈ 0.5-1.1 M , indicating that they are the progeny of stars with a broad range of initial masses and stellar lifetimes. Six of these systems (55 per cent) comprise two degenerates that have masses within the peak of the field white dwarf mass distribution (M = 0.51-0.67 M ). Based on this fraction, and assuming that selecting wide binaries to include a hot, recently formed HFMWD does not impose any further restriction, over and above our effective temperature limit, on the total system ages (stellar lifetime + white dwarf cooling time), we could expect 55 per cent (2-3) of the non-magnetic white dwarfs in our sample of five hot, wide, magnetic + non-magnetic pairings to have M < 0.7 M . However, all five pairs are found to harbour a non-magnetic white dwarf with M ≥ 0.7 M (M = 0.70-0.88 M ) for which we estimate, assuming Poisson statistics, the chance probability to be only P ≈ 0.065.
The most succinct interpretation of these results is that the magnetism of HFMWDs generally originates from the fields of Table 4 . Provisional estimates of the effective temperatures, magnetic field strengths and geometries, masses and cooling times for the magnetic components of the two binary systems. their early-type progenitor stars. However, we advise caution against drawing strong conclusions yet. While the traits of the RE J0317−853 + LB 9802 system present problems for an interacting binary model , the mass and cooling time of the former component are difficult to accommodate within the fossil-field theory as it appears younger, by about 100 Myr, than predicted by single, non-magnetic, stellar evolution (Ferrario et al. 1997) . It is conceivable that all these wide systems could have been primordial triples, where the magnetic degenerate was formed through the merging of an inner, close stellar pairing, although this is not necessarily the most satisfactory solution to the application of Occam's razor. We also note the present sample of these wide pairings is relatively small. Study of more hot, wide, DDs revealed by new optical surveys (e.g. SkyMapper; Keller et al. 2007) would help address outstanding questions regarding the origins of the HFMWDs.
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